INTRODUCTION
The Benguela current system is one of the world's 4 major western boundary upwelling regions ( Fig. 1 ) and has historically been considered one of the most productive marine ecosystems in the world (Shannon 1985) . In the south it borders the Agulhas Bank region in South Africa at about 35°S, while the northern border of the system is the Angola-Benguela frontal zone between 14°S and 17°S (Shannon & Nelson 1996) . The Benguela Current Large Marine Ecosystem (BCLME) is one of the largest wind-driven coastal upwelling systems in the world (Shannon & O'Toole 2003) .
Cape horse mackerel Trachurus capensis is currently the most abundant commercial species within the northern BCLME, and as an important predator and prey it plays a key ecological role in the ecosystem (Boyer & Hampton 2001) . Abundance estimation of horse mackerel is primarily done by identification of acoustic targets and ground-truthing by pelagic trawling (Axelsen et al. 2004 , Vaz Velho et al. 2006 . Cape horse mackerel is known to exhibit considerable vertical migrations that have been adapted to the prevailing local conditions (e.g. Pearre 2003 , Vaz Velho et al. 2010 . In the southern BCLME, Cape horse mackerel ABSTRACT: Predator-prey interactions of mammals and their fish prey in marine ecosystems are rarely identified and recorded. We document for the first time the underwater behaviour of hunting dusky dolphins Lagenorhynchus obscurus and the responses of their prey, Cape horse mackerel Trachurus capensis, observed in open ocean waters off northern Namibia. Predator-prey interactions were monitored acoustically during a continuous period of 2 h with a split-beam scientific echo sounder, and the surface behaviour of the dolphins was observed from the ship's deck. In total 54 predator-prey events were observed (mean, 0.45 events min ). Dolphin traces were predominantly located underneath the fish aggregation (63% of the time), as the dolphins attacked the schools from underneath (mean depth: 120 m; maximum depth: 156 m). The dolphin target strength at 38 kHz was, on average, -31.5 dB (95% CI: -33.4 to -30.2 dB). The attacks caused immediate reactions in the Cape horse mackerel aggregations: subschools were forced towards the surface where they were herded into dense aggregations by the dolphins. Observed predator response patterns included 'Vacuole' (n = 21), 'Split' (n = 19), 'Bend' (n = 10) and 'Hourglass' (n = 4). Packing densities changed significantly before (0.4 fish m generally form dense shoals in midwater or close to the bottom during the day, and they migrate to midwater at night and disperse before aggregating and descending again at dawn (Pillar & Barrange 1998) . Although more variable, a similar pattern has been found for the northern BCLME, where Cape horse mackerel typically remain in midwater during the day and ascend to near the surface at night (Axel sen et al. 2004) .
Top predators such as dolphins often target schooling pelagic fish as their main prey, thereby affecting their behaviour, distribution and abundance (e.g. Perrin et al. 2002) . Protection against predators at the individual level is one of the primary functions of schooling (Pitcher & Parrish 1993) , and predator attacks may considerably affect internal school structure and density (Pitcher & Wyche 1983 , Hall et al. 1986 , Similä & Ugarte 1993 , Vabø & Nøttestad 1997 , Nøttestad & Axelsen 1999 , Axelsen et al. 2000 , Nøttestad et al. 2002a . Studying school-level prey responses to predator attacks is thus necessary to better understand the nature of prey-predator interactions (Pitcher & Wyche 1983 , Kenney et al. 1997 , Axelsen et al. 2001 . Animal energetic fitness can be substantially affected by foraging decisions, be cause the amount of food that an animal can obtain has a major influence on its survival in the wild (Beyer 1995) . Moreover, group foraging may increase survival probabilities, not necessarily by increa sing the overall feeding rate, but rather by decreasing its variance (Thompson et al. 1974 , Clark & Mangel 1984 . When studying predator-prey interactions in nature, quantifying predator attack rates and the corresponding rates of school response events are essential to understand the behaviour causing the observed school dynamics (Axelsen et al. 2001) , and hydroacoustics have proven to be a powerful tool for these types of quantifications (Nøttestad & Axelsen 1999 , Axelsen et al. 2001 , Nøttestad et al. 2002a , Benoit-Bird et al. 2004 .
While some knowledge exists on the behaviour of Cape horse mackerel (e.g. Axelsen et al. 2004) , the behaviour of dusky dolphin Lagenorynchus obscurus in this area of the world has only rarely been investigated (Van Waerebeek & Würsig 2009 ). Dusky dolphins are widespread in the southern hemisphere, but their distribution is probably discontinuous (Van Waerebeek & Würsig 2009 ). They are found along the coast of Southern Africa from Lobito in southern Angola to Cape Agulhas in Cape Province; however, little information is available on the relative abundance of L. obscurus within its distribution range (Jefferson et al. 2008) . Dusky dolphins are usually found over the continental shelf and slope (Aguayo et al. 1998 , Jefferson et al. 2008 , and their distribution within the BCLME is primarily associated with the cold waters of the Benguela Current along the west coast of South Africa. Dusky dolphins are gregarious animals, with average observed group sizes varying from 6 to about 300 individuals, with regular, stable subgroups (Wür-sig & Würsig 1980) . Dusky dolphin underwater behaviour was studied by Würsig (1982) and more recently by Benoit-Bird et al. (2004) , who used a fish finder to evaluate the dolphin's relative abundance by linking relatively strong target detections presumed to be dolphins with the presence of deep scattering layers of its schooling prey. While interaction processes between dusky dolphins and their prey during predation events have been documented in other parts of the world (Vaughn et al. 2007 (Vaughn et al. , 2010 , there are no previous reports from African waters.
The main aims of the present study were to document predator-prey interactions between dusky dol- Fig. 1 . Study area (black dot) off the coast of northern Namibia in the Benguela Current Large Marine Ecosystem (BCLME), which is off southern Angola, Namibia and South Africa (west coast). Inset shows location of study area in Africa phins and Cape horse mackerel in situ, and to quantify attack rates, diving speeds and depths of attacking dolphins along with corresponding school response events and changes in school structure and packing densities of the schooling prey. These were accomplished by the use of high-resolution, calibrated echosounder data, thus taking advantage of the large sampling volumes and high spatial and temporal resolutions offered by the hydroacoustic method. Parallel visual surface observations and targeted pelagic trawling served to verify the presence of the dolphins and the horse mackerel at the study site, as well as to obtain biological samples of the populations under study.
MATERIALS AND METHODS
The data presented were collected during a fisheries acoustic survey with the RV 'Dr. Fridtjof Nansen' in Namibia. Predator-prey interactions reported were observed in northern Namibia, near the border to Angola (17°24' S, 11°29' E), on 23 September 2002 between 10:00 and 12:00 h (UTC). The bottom depth in the area was about 160 to 180 m. Acoustic data were logged throughout the observation period with a 38 kHz calibrated scientific echosounder (Simrad EK500) (Foote 1987) while the vessel drifted passively over the aggregations at low speed (1 to 2 knots). The acoustic data were logged and analyzed with Echolog/ Echo view v. 3.40 software (Myriax Software © ). The presence of the submerged dolphins observed acoustically in the water column was verified by visual observations of the dolphins when they were at the surface before and after diving. The visual observations were done at close range (10 to 50 m) from the ship's main deck, located about 10 m above sea level, and were recorded with a camcorder. Biological samples of Cape horse mackerel were obtained by means of targeted pelagic trawling with a pelagic sampling trawl (Åkre-hamn, about 15 m vertical opening). Oceanographic data were sampled by means of a CTD probe (Seabird) submerged to near the bottom immediately before and after the acoustic observations were made. A weather station onboard the research vessel recorded data on wind stress, solar irradiance and wave conditions at the study site.
Dolphin behaviour. Candidate dolphin traces were first identified by manual scrutiny of the volume backscattering strength (Sv) echograms (Simmonds & MacLennan 2005) . Dolphin traces were subsequently verified by means of single target tracking according to the following criteria: minimum number of detections per trace: 6; maximum number of missed detections per trace: 2; maximum distance between consecutive detections within each trace: 5 m; and maximum aspect angle from acoustic axis: 5°. For each acoustic dolphin trace, the horizontal and vertical position of the dolphin, the mean compensated target strength (TS, dB), the mean and maximum withintrace swimming speed (m s -1 ) and the mean and maximum swimming depths (m) were measured. Selected traces were plotted in 3 dimensions (3D) for visualization of the dolphin swimming pattern (Fig. 2) . The risk of misinterpreting large fish for dolphins was further diminished by inspection of the trend in the variation of the TS detections, which were consistent with the dorso-ventral swimming pattern typical for cetaceans (Fig. 3) (Love 1973 , Au 1996 , Miller et al. 1999 , BenoitBird et al. 2004 , Au et al. 2007 , Lucifredi & Stein 2007 , Bernasconi et al. 2009 ). All computations on TS were carried out in the linear domain.
Predator response reactions. The predator response reactions were readily identified by visual inspection of the echograms in terms of the presence of dolphin traces and associated response patterns in the fish layer. First, attack and nonattack situations were defined and polygons drawn along the perimeter of the schools. All school response events were then recorded and classified as 'Split' (fragmentation of the school), 'Bend' (inflection of the school), 'Vacuole' (an empty space created in the centre of the school) or 'Hour- , Δz the corresponding depth interval over which the acoustic data were integrated, and the mean estimated acoustic backscattering cross-section of the fish, relating to the fish TS by:
Assuming that the mean TS of the Cape horse mackerel did not change during the attacks scenarios, the mean TS was estimated according to Peña (2004) : (3) where L is the mean total length of the Cape horse mackerel as determined from the trawl samples (17.0 cm, thus corresponding to an average TS of -41.4 dB).
To investigate the effect of the attacking predators on the local packing densities within the layer, the volume backscattering strength (Sv, dB) and the acoustic backscattering cross-section (s A , m 2 nmile -2
) for small subsections of the school immediately in front of and immediately behind the predators entering into the fish layer were extracted, converted to fish densities according to Eq. (1) and then compared.
RESULTS
During the observation period the weather conditions were favourable, with partial cloud cover (mean sun radiation: 281.5 W m ) and a calm sea (wave height: 0.5 to 1.0 m). The temperature and salinity were stable throughout the water column, with approximately 16°C temperature at the surface, decreasing to about 15°C at 100 m depth, and salinity of 35.5 psu throughout the water column. Surface waters were well oxygenated (about 5 ml l -1 dissolved oxygen), dropping to about 3 ml l -1 at 75 m and about 1 ml l -1 below 100 m depth. The dolphins were most often located underneath the fish aggregation (63% of the time) rather than above the fish aggregations (37%) (whenever they were not located within the layer). The dolphins dove to a maximum recorded diving depth of 156 m (mean recorded depth, 120 m) in an area where seabed depth was 177 m. Mean attack speed was estimated at 3.4 m s . Swimming speeds and depths are summarized in Table 1 .
The mean recorded TS for the dusky dolphins at 38 kHz was -31.5 dB (95% CI: -33.4 to -30.2 dB; range: -39.9 to -22.7 dB) (Fig. 4) . An example of a dolphin trace obtained underneath the horse mackerel layer is shown in 3D in Fig. 2 , which illustrates the dolphin encircling behaviour underneath the school.
Example of echograms before, during and after attack-response scenarios and histograms of total s A by depth intervals are shown in Fig. 5 , while the corresponding fish volume packing densities are shown in Fig. 6 . Initially, before the dolphin attacks, the horse mackerel were predominantly aggregated in a horizontally extended layer at 100 to 125 m depth with a vertical distribution of the main layer being approximately 20 m (0.7 fish m -3 ). The mean s A for the undisturbed situation was 2275 m 2 nmile -2 (Fig. 5a ), corresponding to 0.4 fish m -3
. During the attacks the horse mackerel aggregation split into 2 far more distorted main fractions, with the larger of the components moving towards the upper pelagic (approximately 50 m vertical extension) and the other remaining at the same depth (30 to 40 m vertical extension). The shape of both school components immediately changed, becoming highly amorphous (Fig. 5b) . The fish thus concentrated in the top layer of the water column (25 to 50 m: 2.6 fish m ) for the postattack period (Fig. 5c) . The mean packing densities before, during and after attacks were significantly different (ANOVA Type II Wald test: p < 0.01).
Altogether 54 predator response events were observed throughout the observation period, corresponding to 0.45 events min -1 on average ( Table 2 ). The most common response pattern was Vacuole (n = 21), followed by Split (n = 19), Bend (n = 10) and Hourglass (n = 4). Attacked schools had, on average, 4.6 times higher packing densities than did unattacked schools (Table 3 ). An example of a Vacuole formation as a dolphin enters into the fish aggregations is shown in Fig. 7a . The avoidance of individual fish can be seen as locally reduced mean (± SD) packing densities in front of (mean Sv: -57.2 dB, 95% CI: -58.6 to -56.1 dB; or 0.33 ± 0.17 fish m -3
) and to the sides of the predator where the fish avoided the predator, and increased packing densities be hind the predator (mean Sv: -44.1 dB, 95% CI: -44.8 to -43.6 dB; or 6.65 ± 1.75 fish m -3 ) (Fig. 7b) , where they rejoined. The packing densities in front of and behind the predator were significantly different (Welch 2-sample t-test, p < 0.01).
DISCUSSION
We have for the first time documented dusky dolphins diving down to depths of 156 m (mean: 120 m depth). Previous studies have reported diving depths of up to 135 m (Benoit-Bird et al. 2004) . In the present study, groups of 10 to 20 hunting dolphins were found to have major effects on the swimming behaviour, structure, density and depth of schooling Cape horse mackerel. The dolphins forced the horse mackerel towards the surface (25 to 50 m depth), thereby making the mackerel easier to prey upon (Nøttestad et al. 2002b ). This type of cooperative behaviour, to dive underneath schools, force the prey into a tight ball near the surface and then launch direct, coordinated attacks into the densely packed schools, is consistent with recent studies on cetacean hunting techniques (Nøttestad & Axelsen 1999 , Vaughn et al. 2010 . Our finding that the dolphins deliberately herded the horse mackerel towards the surface was supported by 3D traces of individual dolphins that showed the ) in attacked schools with corresponding depths and packing density ranges. See 'Materials and methods: Predator response reactions' for a description of each behaviour dolphins encircling underneath the horse mackerel aggregations (Fig. 3) . Dusky dolphins are also known to lift their prey to the surface before feeding as has been shown in documentary films (National Geographic Society 1999). Killer whales Orcinus orca have been observed to dive down to a maximum of 180 m depth in order to lift aggregations of Atlantic herring Clupea harengus (Nøttestad & Similä 2001 , Nøttestad et al. 2002b , and Nøttestad et al. (2002a) proposed a maximum diving depth of 200 m for fin whales Balaenoptera physalis. The present study is, however, the first to document that a much smaller odontocete, the dusky dolphin, may dive deeper than 150 m and lift their prey towards the surface, no doubt with considerable energetic efforts. In the present study, dusky dolphins were observed to attack their prey 54 times in 2 h, corresponding to an average observed attack rate of 0.45 events min -1 . This is considerably higher than attack rates reported for fin whales attacking Atlantic herring (0.12 events min -1 ) (Nøttestad et al. 2002a ) and also for killer whales attacking Atlantic herring (0.26 events min -1 ) (Nøttes-tad & Axelsen 1999), while it was lower than attack rates found for diving puffins Fratercula arctica attacking juvenile Atlantic herring (1.48 events min -1 ) (Axelsen et al. 2001 ). However, all those studies used multi-beam sonar with a much higher spatial resolution than the split-beam vertical echosounder used in the present study, and the actual event rate in the present study is likely to have been even higher.
Large predators bursting into fish schools cause individual fish to try to escape from the predators (Pitcher & Wyche 1983 , Axelsen et al. 2001 , while the fish attempts to maintain a minimum approach distance of approximately 15 body lengths (Pitcher & Wyche 1983 ), which in turn will lead to predator response reactions at the school level as seen in Table 2 . The horse mackerel aggregation under attack in the present study divided into 2 stable, vertically separated components (Axelsen et al. 2000) . The dolphins then forced the fish from the deep towards the surface at high swimming speed, similar to that reported in other studies of dolphins attacking pelagic fish (Nøttestad & Similä 2001 , Nøttestad et al. 2002b . In the present study, the dolphins spent 63% of the time swimming underneath the school and only 37% of the time swimming above the horse mackerel aggregations, supporting the observation that the dolphins deliberately forced their prey towards the surface and kept them ) the dolphin attacks, and unattacked schools had significantly lower densities compared with attacked schools, which conforms with the study by Nøttestad & Axelsen (1999) and model simulations (Vabø & Nøttestad 1997) .
The dolphins attacked at high speeds, with a maximum recorded burst speed of 9.9 m s . The attack swimming speeds and diving depths recorded here indicate that dolphins spend considerable energy on attacking their prey, suggesting that it was necessary for the dolphins to de liberately herd the horse mackerel to wards the surface, pack them into 'tight balls' and keep them near the surface to feed on them (Würsig & Würsig 1980 , Wells et al. 1999 , Nøttestad et al. 2002b ). This is supported by the higher densities recorded for attacked than for unattacked schools (Table 2) , which conforms with the findings of Nøttestad et al. (2002a,b) for example.
The relatively low oxygen levels (<1 ml l -1 ) found below 100 m depth may have restricted the horse mackerel from diving deeper while under attack at depth. However, Cape horse mackerel are reported to tolerate oxygen levels <1 ml l -1 (G. Bauleth-D'Almeida unpubl. data), and the presence of dolphins below the schools at depth, combined with their active encircling behaviour, suggest that downward movements by the horse mackerel was not limited by oxygen levels here. The large vertical Hourglass formation found for horse mackerel here is similar to those reported for Atlantic herring (Axel sen et al. 2001 ). This could be an adaptation in 'trapped' schooling fish that enables them an escape passage to more secure locations -in the case of the present study towards deeper, darker waters -that dolphins attempted to counter act by encircling underneath the schools (Nøttestad & Axelsen 1999 , Nøttestad et al. 2002b , Vaughn et al. 2010 ). The dusky dolphins maintained a dense aggregation of fish in the upper 50 m of the water column for a prolonged period of time (~50 min). The Vacuole school responses, leading to empty spaces forming around the predators, were equivalent to responses in adult Atlantic herring to attacks from killer whales (Similä & Ugarte 1993 , Nøttestad & Axelsen 1999 and in juvenile Atlantic herring to attacks from puffins (Axelsen et al. 2001 ) off northern Norway. In the present study, prey avoidance reactions caused significantly lower fish densities in front of the attacking predators (0.33 ± 0.17 fish m ). Fish in aggregations generally maintain a minimum approach distance to predators of about 15 body lengths (Pitcher & Wyche 1983) and high density regions shift- ) recorded immediately in front of and behind the dolphin, illustrating the fountain effect (Hall et al. 1986 ). Box plot symbols as in Fig. 6 ing within schools, or density propagation (Axelsen et al. 2001) , are thus a natural consequence of individual fish avoiding predators (Breder 1954 , Hamilton 1971 , Pitcher & Wyche 1983 , Axelsen et al. 2001 . The reduced densities in front of and the in creased densities behind the predators as they burst into the school are indicative of fish moving away from the predator and rejoining behind them, i.e. the fountain effect (Hall et al. 1986 ). Vacuole formation around attacking dolphins observed in large aggregations in the present study is supported by other studies (Vabø & Nøttestad 1997 , Nøttestad & Axelsen 1999 , Axelsen et al. 2001 ) despite the limited spatial resolution offered by the conventional single-beam (split-beam) we used. The evolution of swimming speed within the dusky dolphin traces observed in the present study suggests that rapid accelerations were followed by gliding behaviour. This is consistent with studies of trained Tursiops (Williams et al. 1999) , in which acceleration followed by gliding at depth was put forward as a strategy to conserve energy. The in situ TS measurements reported here (range: -22.7 to -39.9 dB) are consistent with Au et al. (2007) , who measured the TS of a trained bottlenose dolphin Tursiops truncatus under controlled conditions to range from -40 to -26 dB. Cetacean TS should, however, be explored in more detail to establish length dependencies and interspecies variation. Multifrequency target triangulation (Pedersen et al. 2004 ) may be one approach to help to identify and isolate dolphin targets and, thus, explain observed variability.
The results reported in the present study demonstrate the power of acoustic target tracking as a tool for mapping underwater movements of marine mammals, and we believe that advanced acoustic methods combined with visual observations and underwater video recording have the potential to improve our understanding of marine mammal behaviour considerably (Hedgepeth et al. 2000) . 
